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Abstract—There is a renewed interest in superconductors
for high-frequency applications, leading to a reconsideration
of already known low-Tc and high-Tc materials. In this view,
we present an experimental investigation of the millimeter-
wave response in moderate magnetic fields of Tl2Ba2CaCu2O8+x
superconducting films with the aim of identifying the mecha-
nisms of the vortex-motion-induced response. We measure the
dc magnetic-field-dependent change of the surface impedance,
∆Zs(H) = ∆Rs(H) + i∆Xs(H) at 48 GHz by means of the
dielectric resonator method. We find that the overall response
is made up of several contributions, with different weights
depending on the temperature and field: a possible contribution
from Josephson or Abrikosov-Josephson fluxons at low fields;
a seemingly conventional vortex dynamics at higher fields; a
significant pair breaking in the temperature region close to Tc.
We extract the vortex motion depinning frequency fp, which
attains surprisingly high values. However, by exploiting the gen-
eralized model for relaxational dynamics we show that this result
come from a combination of a pinning constant kp arising from
moderate pinning, and a vortex viscosity η with anomalously
small values. This latter fact, implying large dissipation, is likely a
result from a peculiar microscopic structure and thus poses severe
limits to the application of Tl2Ba2CaCu2O8+x in a magnetic field.
Index Terms—Pinning, Surface impedance, Microwaves.
I. INTRODUCTION
THE need for pushing further the performances ofsuperconductor-based high–frequency devices, such as
accelerating cavities [1] or electromagnetic screenings [2] has
given rise to a reexamination of the temperature and magnetic
field dependences of the surface impedance in both con-
ventional and high–Tc superconductors (HTS). Well–known
superconductors, such as Nb3Sn, are being investigated with
respect to the field–dependent surface impedance [3], and
NbTi cavities for dark matter search are being tested in mid-to-
high magnetic fields [4]. HTS have been studied for longtime,
but Tl-based HTS have been dismissed in early times due
to their inferior performances with respect to YBa2Cu3O7−δ
(YBCO). However, some Tl-based compounds are now under
scrutiny for selected large–scale applications [5]. It is then a
useful contribution to investigate the microwave properties in
magnetic field of other superconductors. Clarifying the main
mechanisms of the dissipation is the main step in order to
ascertain the usefulness of a material for selected applications.
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Since the microwave response in a dc magnetic field is
of interest here, one has to deal with losses mainly due
to fluxon motion [6]. However, other sources of dissipation
cannot be ruled out: weak–links, and related “strange flux-
ons” such as Josephson or Abrikosov-Josephson fluxons [7],
and quasiparticle excitations. It should be noted, however,
that weak–links phenomena can be reduced or avoided with
proper material engineering, and quasiparticle excitation is
an intrinsic detrimental effect that arises -for what concerns
applications- only close to Tc or Hc2. It is then useful to give
more detail on the main source of dissipation, that is the fluxon
motion. The response of the system of flux lines to an ac field
is given by the vortex complex resistivity ρvm [8], [9], [10]:
ρvm = ρvm1 + iρvm2 =
Φ0B
η
χ+ i ff0
1 + i ff0
(1)
where Φ0 ' 2.07·10−15 Tm2 is the flux quantum, η is the so–
called vortex viscosity, B ' µ0H (in the London limit) is the
magnetic induction field, and χ is a dimensionless creep factor
that takes into account the thermal activation phenomena,
with χ ∈ [0, 1]. This expression simplifies when no thermal
effects are relevant, in which case χ= 0 and f0→ fp, where
fp = kp/(2piη) is the so–called depinnning frequency, and
one writes down the well–known result by Gittleman and
Rosenblum [11]:
ρvm =
Φ0B
η
1
1− i fpf
(2)
where it is clear that fp is the crossover frequency that
separates the low frequency, vanishing dissipation (Campbell)
regime [12]) from the high-frequency dissipative (flux–flow)
regime. The depinning frequency has been recognized as a
fundamental parameter to assess the microwave properties of
superconductors [11], [13], since it gives a rough measure
of the weight of the losses at a certain frequency: the di-
mensionless parameter r = ρvm2/ρvm1 ' fp/f ≶ 1 is the
crossover mark between Campbell and flux–flow regime (one
has however to bear in mind that the crossover region extends
for a decade in frequency [11]).
The aim of this paper is to report on the microwave surface
impedance of thin Tl2Ba2CaCu2O8+x (TBCCO) films in a
moderate magnetic field µ0H ≤ 0.8 T, in order to identify
the main dissipative mechanisms and to give information on
some of the relevant parameters to assess the high–frequency
performances, with particular attention to the depinning fre-
quency and to its dependence on the temperature and magnetic
field. We will compare the results to typical results obtained
in YBCO and in conventional superconductors.
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Fig. 1. (a) sketch of the resonator and of the sample placement. (b) sketch
of the microwave patterns on the sample surface.
II. SAMPLES AND METHOD
Measurements are performed on two TBCCO thin films
(thickness ts=240 nm), labelled as TS2 and TS5, grown by
conventional two-step method in the c-axis direction over
CeO2 buffered R-plane sapphire substrates, 2 inches in di-
ameter and 0.5 mm thick. Preparation details and additional
characterization are available elsewhere [14], [15]. The sam-
ples were cut from a wafer in the shape of 10 × 10 mm2
squares. The film thickness is ts' 240 nm. Since both samples
give analogous results, we report here data obtained on sample
TS2, where inductive measurements yielded Tc'104 K, which
compares well to the maximum Tc ≈110 K in very clean
samples [16], and Jc(77 K, H=0) = 1.0 MAcm−2.
The microwave surface impedance is measured by means
of a cylindrical sapphire resonator [18] used within the
surface perturbation method. The resonator is operated in
reflection in the TE011 mode, with the resonance frequency
fres ≈47.7 GHz. The measuring frequency is much smaller
than the gap, estimated in the tens of meV (40 meV, equivalent
to approximately 10 THz, as measured in the infrared range
[17]. Microwave patterns induced on the sample are planar
and circular, so that only the ab plane response is measured.
The unloaded Q factor and the resonance frequency fres yield
the surface impedance [18]. Taking into account the thickness
of the film [19], one can write down the following relation be-
tween the measured Q, fres, the effective surface impedance
shift ∆Zs(H) and the microwave complex resistivity ρ˜:
∆Zs(H)' ∆ρ˜(H)
ts
=
∆ρ1(H) + i∆ρ2(H)
ts
= (3)
=Gs
(
1
Q(H)
− 1
Q(0)
− 2ifres(H)− fres(0)
fres(0)
)
where Gs is a calculated geometrical factor.
Using a solid/liquid nitrogen cryostat we vary the temper-
ature between T ≈ 60 K and Tc. A moderate magnetic field
µ0H ≤ 0.8 T is applied perpendicularly to the sample surface
(i.e. parallel to the superconductor c-axis).
A typical measurement is shown in Figure 2, where we
show the raw data for Q and fres vs. H (Fig.2a) and the
resulting surface impedance shift ∆ρ˜(H) (Fig.2b). Figure 2c
shows an enlargement of the low–field region, illustrating the
wide dynamic range of the measurements.
We briefly comment on Fig.s 2b and 2c. The sample data
have been selected at a rather high temperature in order to
highlight all three regimes that showed up in the measure-
ments. First, at very low fields (Fig.2c) a small “step” in the
surface impedance appears, with a trend to saturation at a
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Fig. 2. (a) Field dependence of the quality factor Q (full red symbols) and of
the resonant frequency fres (open blue circles). (b) Field induced variations
∆Rs = ∆ρ1/ts (full red symbols) and ∆Xs = ∆ρ2/ts (open blue circles),
derived from the data in (a) according to Eq.(3); the grey region indicates the
crossover region towards the QP regime (see text), the arrow points to the
AJF field region, invisible on this scale. (c) Enlargement of the data in (b) for
the low field region; we indicate the field regions where AJF or VM regimes
are dominant.
few mT. Second (Fig.2b), a rapid increase (first linear, then
superlinear) of both ∆Rs and ∆Xs is observed, followed by
a field region where ∆Xs only drops quickly. For reasons that
will be clarified later, we label these regimes as AJF, VM, QP,
respectively. We anticipate that the discussion will be focused
on the intermediate, VM region. All the regions here depicted
have different extension (i.e., field range) depending on the
temperature. In particular, at low T , below ∼85 K, the QP
region cannot be observed.
III. EXPERIMENTAL RESULTS AND DISCUSSION
We report a series of measurements at selected temperatures
in Fig.3. It can be seen that, at all temperatures, ∆Xs >∆Rs.
3This is usually a manifestation of very strong pinning: the
elastic energy stored in the fluxon system is larger than the
dissipated energy per oscillation due to the flux–flow mech-
anism. The customary parameter to quantify the strength of
the pinning is, at microwaves, the parameter r = ∆Xs/∆Rs.
Making reference to Eq.(2) and to Eq.(3), it is seen that,
should the field–increase of the surface impedance be due to
vortex motion only, one would have r = ∆ρvm2/∆ρvm1. In
the present case, as anticipated in Sec.II, several mechanisms
are present so that a preliminary data elaboration is needed.
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Fig. 3. (a) Field dependence of the surface resistance ∆RS = ∆ρ1/ts (full
red symbols) in sample TS2 at selected temperatures. (b) Field dependence
of the surface resistance ∆Xs = ∆ρ2/ts (open blue circles) in sample TS2
at selected temperatures. At all temperatures one observes ∆Xs >∆Rs.
First, we note that the field region where ∆Xs decreases
with the field is a clear manifestation of quasiparticle (QP)
increase (or pair–breaking): remember that, since we are deal-
ing with thin films, the effective measured surface impedance
is given by the thin film approximation as per Eq.(3). In the
normal state the imaginary resistivity is clearly zero (at our
frequencies), so that the drop to zero in the effective ∆Xs is
a straightforward manifestation of pair–breaking.
Second, the low field region, such as the one reported
in Fig.2c, shows a behavior reminiscent of the dynamics
of Abrikosov-Josephson fluxons (AJF) threading the grain
boundaries of the sample [7], [20], [21]. Even a preliminary
treatment of this phenomenon is out of the scope of this paper.
To our purposes, it is sufficient to observe that another process,
most likely due to grain boundaries, adds to the conventional
vortex motion and to the pair–breaking. A detailed analysis of
the AJF regime is deferred to a future work.
To take into account simultaneously all three processes is
rather cumbersome and prone to large uncertainties in the fit-
ting parameters. We adopt a different strategy. We can consider
the measured ∆Zs as the sum of three different contributions,
as ∆Zs = ∆Zvm+∆ZAJF +∆ZQP . We are interested in the
derivation of the vortex–motion parameters present in ∆Zvm
through Eq. (2). We then remove the contribution of ∆ZQP
by simply avoiding to examine the data where ∆Xs decreases
with the field (this is why some of the following data will
be cut above a certain field). We then remove the ∆ZAJF
contribution by estimating the height of the saturation value
of the first, low field increase of ∆Zs (as an example, in Fig.2c
we estimate ∆ZAJF ' 8 mΩ + i12 mΩ), and we subtract it
from the data. We note however that ∆ZAJF is negligible with
respect to the overall ∆Zs, so that we expect small additional
errors in the derivation of the vortex motion (VM) parameters.
After the subtraction, and the field limitation if required, we
analyse the data with Eq. (2). A consequence of the need to
remove the other contributions is that the parameters obtained
from the analysis are not reliable below ∼0.2 T, so that the
following plots will report the data in the range 0.2 T – 0.8 T
only.
We use the procedure described with great detail in [10] to
derive the vortex parameters. Here, the parameters are derived
from the data in Fig.3 by using Eq.(2). We refer the reader to
[10] for the estimates of the uncertainties and of the statistical
confidence intervals.
The first important parameter is the depinning frequency
fp. We report such data in the form r = ∆ρvm2/∆ρvm1
in Figure 4a. As it can be seen, the data show very high
values r > 1. Bearing in mind our operating frequency, f '
48 GHz, our values for r would give a huge fp ≈ 200 GHz
at low temperature. This is a surprisingly large value: the
depinning frequency attains values of ∼10 GHz (at ∼ Tc/2)
in YBa2Cu3O7−x (YBCO) single crystals [22], and in the
range 30–70 GHz for temperatures bewteen 60 K and 80 K
in nanostructured YBCO with BaZrO3 nanorods [23], [24],
[25]; low-Tc Nb thin films exhibit depinning frequencies in
the 5–20 GHz range [26], [27]. Although it was reported that
very thin films show increased fp, e.g. [27], we do not believe
that this is the case, since the thickness of our TBCCO films
(also as compared to the London penetration depth) is not
significantly different from other cuprates investigated [23],
[24], [25]. We stress that the parameter r, hence fp, is not
affected by calibrations and geometrical factors: looking at
Eq.s (2) and (3), it is easy to see that r is directly measured
from Q and fres.
A high depinning frequency is usually considered the nec-
essary condition for the operation of a superconductor at high
frequency in dc magnetic field. However, a more complete
analysis shows that for the compound under study this is not
sufficient.
In Figure 4b we report the vortex viscosity η as a function
of the dc magnetic field. Although the determination of the
absolute value of η depends on the determination of the
film thickness, a 30% uncertainty on the determination of
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Fig. 4. (a) Pinning parameter r = ∆ρvm2/∆ρvm1. (b) Vortex viscosity η.
(c) Pinning constant kp.
the thickness of the film (much larger than reasonable) does
not significantly change the results. We note that the vortex
viscosity is nearly constant, but it attains extremely low values:
at 81.4 K η it is of the order of ∼ 0.5·10−8 Nsm−2, to be
compared e.g. to data in YBCO at 70 K: in single crystals one
gets ∼ 10−7 Nsm−2 [22], and similar values in films [24].
The analysis of the pinning constant kp, Figure 4c, reveals
however that kp is much smaller than the corresponding
values in YBCO at similar reduced temperatures T/Tc [22],
[24], [23]. Thus, we are led to the important conclusion
that the huge values of fp do not come from some kind of
strong pinning. Instead, recalling that fp = kp/(2piη), we must
ascribe this very high value for fp to an anomalously small
value for η. The reasons for this behavior are not clear at
present, and they resides in the very fundamental nature of
the superconducting state in TBCCO: the vortex viscosity is a
lumped parameter that contains the details of the microscopic
processes governing the dissipation in the flux–flow state,
and it is unlikely to be controlled by some kind of material
engineering. Thus, although a direct measure of the depinning
frequency yields huge values, a more complete study shows
that the peculiar (albeit not known) microscopic state gives
rise to exceedingly high losses even in a moderate dc magnetic
field.
IV. CONCLUSIONS
In order to assess the possible use of Tl2Ba2CaCu2O8+x
for microwave applications in a dc magnetic field, we have
measured the magnetic field dependence of the complex
surface impedance in thin TBCCO films. We have found
that a rich variety of processes exists, even in our moderate
fields. In particular, an extrinsic contribution due to grain
boundaries or weak links has been identified at low fields.
The intrinsic quasiparticle increase process is much more
present than in other HTS, thus increasing significantly the
dissipation even at 15 K below Tc in moderate fields (below
1 T). The most important finding resides in the huge depinning
frequency. However, by performing a complete analysis with
a general model for vortex motion, we have shown that the
huge values for the depinning frequency are not due to some
kind of exceptional pinning (that would increase the interest
for applications). Instead, it results from the combination of a
pinning constant which is weaker than in YBCO, and a vortex
viscosity that is more than an order of magnitude smaller than
in, e.g., YBCO. The latter finding is very hard to reconcile
with the present understanding of HTS. Although it cannot
be excluded that the depinning frequency could be increased
further by acting on, e.g. artificial defects, it has little effect on
the practical applications of TBCCO, since it does not reduce
the anomalous dissipation.
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